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Two EST-derived cDNAs TrDr1 and TrDr2 from Tortula
ruralis were identified with significant similarity to psbI
encoding the PSII 10kDa protein and the desiccation
stress-related cDNA pcC3-06, respectively. RNA blot
hybridisation using both total and polysomal RNA frac-
tions was used to analyse TrDr1 and TrDr2 mRNA abun-
dance in response to a desiccation/rehydration cycle.
TrDr1 and TrDr2 steady-state transcript levels increased
in response to desiccation and preferentially accumu-
lated within the polysomal mRNA fraction. The data sug-
gest that TrDR1 and TrDR2 play a role in vegetative des-
iccation-tolerance.
Desiccation-tolerant plants, including angiosperms, pterido-
phytes and mosses, possess the unique ability to survive
severe water deficit and revive from the air-dried state
(Bewley 1979, Oliver and Wood 1997, Mundree and Farrant
2000). One of the most intriguing aspects of desiccation-tol-
erant plants is the maintenance of key cellular components
in stable and viable forms in the desiccated state. The res-
urrection moss Tortula ruralis is an important experimental
system for examining the molecular and biochemical mech-
anisms of vegetative desiccation tolerance in plants (Oliver
et al. 2000). We have employed EST analysis to discover
genes that control vegetative desiccation-tolerance (Wood
et al. 1999) and have characterised several cDNAs includ-
ing the V-ATPase c-subunit (Chen et al. 2002a) and alde-
hyde dehydrogenase (Chen et al. 2002b, c). In this report we
describe the characterisation of two EST-derived cDNAs
that are induced by desiccation stress, and designated
TrDr1 and TrDr2 (Tortula ruralis Desiccation-stress Related).
TrDr1 and TrDr2 were isolated from a cDNA expression
library derived from the polysomal RNA fraction of desiccat-
ed T. ruralis gametophytes and originally designated as the
ESTs RNP82 (AI304977) and RNP29 (AI305064) (Wood et
al. 1999). The complete DNA sequence was determined by
the Plant Biotechnology and Genome Center (SIU-C) using
an automated sequencer (ABI model 377; Applied
Biosystems, Foster City, CA). Sequence similarity of the
TrDr1 and TrDr2 nucleotide sequences to nucleotide
sequences in GenBank, EMBL, DDBJ, and PDB databases
was determined using the BlastX server, and the deduced
polypeptide sequences were aligned using ClustalX. TrDr1
was found to be homologous to psbI (i.e. the PSII 10kDa
protein) (67% identity over 89 residues) (Kim et al. 1995),
which is a chloroplast-localised nuclear gene that encodes a
mature polypeptide of 100 amino acids with a predicted
molecular mass of 10.3kDa. TrDr2 was found to be homolo-
gous to the desiccation-stress related cDNA pcC3-06 (35%
identity over 62 residues) (Piatkowski et al. 1990). The
pcC3-06 mRNA is inducible by both dehydration-stress and
ABA treatment in a variety of tissues within the desiccation
tolerant angiosperm Craterostigma plantagineum. 
TrDr1 and TrDr2 each contained a putative polyadenyla-
tion signal and a putative near-upstream element, the UUG-
core motif, previously identified in T. ruralis cDNAs that is
predicted to enhance 3’-end processing (Wood et al. 2000)
(data not shown). We have successfully used PCR-based
techniques (i.e. 5’-RACE and RLM-RACE) to obtain full-
length cDNA clones for several Tortula ESTs (Chen et al.
2002b, c, Zeng et al. 2002). However, TrDr1 and TrDr2 have
been recalcitrant in this regard. Despite repeated attempts
with several DNA primer combinations and altered PCR con-
ditions we have been unable to obtain authentic TrDr1 and
TrDr2 amplification products (data not shown).
The putative Tortula ORF TrDr1 encodes a predicted
polypeptide of 96 amino acids with a molecular mass of
Abbreviations: EST, expressed sequence tag; PSII, photosystem II
1 The nucleotide sequence reported in this paper appears in EMBL, GenBank and DDBJ Nucleotide Sequence Databases under the acces-
sion numbers AI304977 (TrDr1) and AI305064 (TrDr2)
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10.1kDa and pI of 6.78 that is >67% identical to mature
orthologues from spinach, potato and Arabidopsis (Figure
1A). Conserved amino acid substitutions are dispersed
throughout the length of the polypeptide. The Tortula N-ter-
minal domain is truncated and shows the greatest diver-
gence relative to the higher plant proteins. Orthologues of
psbI have also been identified as EST C35 in the moss
Physcomitrella patens (Reski et al. 1998) and EST clone 54
in C. plantagineum (Bockel et al. 1998). The 10kDa protein
is suggested to be an essential element in the proper
assembly of the water oxidation complex (Lautner et al.
1988). The putative Tortula ORF TrDr2 encodes a predicted
polypeptide of 69 amino acids that is >33% identical to a
homologue from C. plantagineum (Figure 1A). The deduced
amino acid sequence predicted by pcC3-06 has some
regions of homology to LEA protein D-29 (Baker et al. 1988)
and is predicted to form an amphiphilic helix. The conserva-
tion of this 11-amino acid helical motif has led to speculation
that it is central to the yet unknown function of dehydrins
(Dure 1993). 
The steady-state mRNA accumulation of TrDr1 and TrDr2
during a desiccation-rehydration cycle was analysed by
RNA blot hybridisation using both total and polysomal RNA
(Figure 1B) as described by Chen et al. (2002a).
Gametophytes of T. ruralis (Hedw.) Gaerten., Meyer and
Scherb. were prepared for experimentation as described
previously (Bewley 1972, Wood et al. 1999). Hydrated moss
(control, C) was obtained after a 24h rehydration period
(14°C, 50μE m-2s-1), desiccated moss (slow-dried, SD) was
obtained by drying over a stirred saturated solution of sodi-
um nitrite, and rehydrated moss (rehydration, SDR) was
obtained by the addition of ddH2O to desiccated moss (6h,
14°C, 50μl m-2s-1). Total RNA was isolated from hydrated (C),
slow-dried (SD), and slow-dried rehydrated (SDR) gameto-
phytes using RNeasy kit (Qiagen, Valencia, CA, USA) as
described by the manufacturer. Polysomal RNA was isolat-
ed from similar gametophytic tissue as described by Wood
and Oliver (1999). Purified cDNA inserts were labeled with
[α32P]-dCTP (Amersham Pharmacia, Arlington Heights, IL)
using Random Primers DNA Labeling System (GIBCO,
Gaithersburg, MD) and purified using probeQuantä G-50
micro columns (Amersham Pharmacia, Piscataway, NJ).
Membranes were prehybridised and hybridised at 42°C
using ULTRAhyb™ (Ambion) as described by the manufac-
turer. Membranes were washed at 42°C (2 X 5min in 2X
SSC, 0.1% SDS followed by 2 X 15min in 0.1X SSC, 0.1%
SDS). Blots were stripped and re-probed with 18S rRNA-
DNA amplified from T. ruralis to demonstrate equal loading. 
T. ruralis TrDr1 and TrDr2 each hybridised to a single
mRNA species of approximately 600 and 800 nucleotides,
respectively. TrDr1 and TrDr2 transcripts are both detectable
in hydrated gametophytes (C) and are not degraded upon
desiccation (SD) or rehydration (SDR). In total RNA, TrDr1
steady-state transcript levels are unchanged in response to
desiccation (SD) and increased upon rehydration (RDR).
TrDr2 steady-state transcript levels increased in response to
desiccation (SD) and declined modestly upon rehydration
(SDR). In polysomal RNA, TrDr1 and TrDr2 steady-state
transcript levels increased in response to desiccation and
preferentially accumulated within the polysomal RNA frac-
tion of slow-dried (SD) gametophytes. We have hypothe-
sised that genes essential to recovery and cellular repair are
stably maintained in the dried state and preferentially trans-
lated upon rehydration of desiccated gametophytes (Oliver
and Wood 1997, Wood et al. 1999, Oliver et al. 2000). The
capability to store key components during a stress event that
are needed for recovery offers a sensitive and flexible
response to environmental stresses. We postulate that post-
transcriptional gene control allows a more rapid return to
growth than does the relatively slower activation and tran-
scription of specific stress or stress-recovery response
genes. Previous research has established that mRNA tran-
scripts for the rehydrin Tr288 (Wood and Oliver 1999) are
stably maintained in the desiccated gametophytes in associ-
ation with protein as messenger ribonucleoprotein particles.
The RNA gel blot data suggest that TrDr1 might play a role
in protecting and/or repairing desiccation-induced damage
to the chloroplast, while TrDr2 is postulated to sequester
ions within the cytoplasm thereby preventing the precipita-
tion of amino salts in dehydrating tissues. Further research
will characterise the full-length cDNA sequences of TrDr1
and TrDr2, confirm the sub-cellular localisation of these
polypeptides, and evaluate their role in vegetative desicca-
tion-tolerance.
Acknowledgments — This work was supported in part by a grant to
AJW (USDA NRI #9735100).
References
Baker JC, Steele C, Dure L III (1988) Sequence and characteriza-
tion of 6 Lea proteins and their genes from cotton. Plant
Molecular Biology 11: 277–91
Bewley JD (1972) The conservation of polyribosomes in the moss
Tortula ruralis during total desiccation. Journal Experimental
Botany 2: 692–698
Bewley JD (1979) Physiological aspects of desiccation-tolerance.
Annual Review Plant Physiology 30: 195–238
Bockel C, Salamini F, Bartels D (1998) Isolation and characteriza-
tion of genes expressed during early events of the dehydration
process in the resurrection plant Craterostigma plantagineum.
Journal of Plant Physiology 152: 158–166
Chen X, Kanokporn T, Zeng Q, Wilkins TA, Wood AJ (2002a)
Characterization of the V-type H(+)-ATPase in the resurrection
plant Tortula ruralis: Post-transcriptional gene control of the pro-
teolipid c subunit in response to salinity. Journal of
Experimental Botany 53: 225–232
Chen X, Zeng Q, Wood AJ (2002b) ALDH7B6 encodes a turgor-
responsive aldehyde dehydrogenase homologue that is constitu-
tively expressed in Tortula ruralis gametophytes. The Bryologist
105: 177–184
Chen X, Zeng Q, Wood AJ (2002c) The stress-responsive gene
ALDH21A1 describes a novel eukaryotic aldehyde dehydroge-
nase protein family. Journal of Plant Physiology 159: 677–684
Dure L III (1993) A repeating 11- mer amino acid motif and plant des-
iccation. Plant Journal 3: 363–369
Kim HU, Yun CH, Park BS, Ryu JC, Chung TY (1995) Nucleotide
sequence of a cDNA clone encoding the complete precursor for
the ‘10-kilodalton’ polypeptide of photosystem II from Chinese
cabbage. Plant Physiology 108: 867
Lautner A, Klein R, Ljungberg U, Reilaender H, Bartling D,
Andersson B, Reinke H, Beyreuther K, Herrmann RG (1988)
Nucleotide sequence of cDNA-clones encoding the complete pre-
cursor for the ‘10kDa’ polypeptide of photosystem II from spinach.
South African Journal of Botany 2002, 68: 545–548 547
1       10        20        30            40     
TrDR2         K  E  DK          KA D G  A  K    GE  AD     GQ     QD             DS GE AG AKSAG LKG Q V SS QA .... EA KTKSA
Craterostigma  K  E  DK          KA D G  A  K    GE  AD     GQ     EN             N. AG LK TQEGA VRE M A ND ME TRNA RV GVSNV
   50        60                                  
TrDR2         K     AG  VK                                     Q   Q   L G AQD E KASSSNFFPDE........................
Craterostigma  K     AG  VK                                     N   E   V E VMG K EFAEDVKDTVMGKSEEVKNQAEHETKKRSTSTNYF
    1       10        20        30        40      
TrDR1                 P G  G    R GVD  GR   G GVY    KYGANVDGV    L     A   PK K   QF N        ....HE IPKE L PS G EV K N V K
Spinacia              P G  G    R GVD  GR   G GVY    KYGANVDGASGVKKIK DK  I  M L D   S  KP  K   QFVD        V L G G K S T
Solanum               P G  G    R GVD  GR   G GVY    KYGANVDGASGVKK K DK  I  M L D   AS  KPK K   QYVD        L T Y N S A
Arabidopsis            P G  G    R GVD  GR   G GVY    KYGANVDGASGVKKIK DK  I  M L D   AS  K K    YVD        T F N S D G Y K
  50        60        70        80        90      
TrDR1      YSP Y   EW   G VY  G  GL  WA  L G L GGALLVYNTSALA    V DEQ  S S E     AV                  K AP VP AL G L L P
Spinacia   YSP Y   EW   G VY  G  GL  WA  L G L GGALLVYNTSALA    I NEE   D  G T  I  VT   A             QAPT A T L A L
Solanum    YSP Y   EW   G VY  G  GL  WA  L G L GGALLVYNTSALA    I N D  S S D  G T  AI  VT   A             QT P V T V I
Arabidopsis YSP Y   EW   G VY  G  GL  WA  L G L GGALLVYNTSALA    I NEN  S S D  G T  AI  VT   A             QA K V A I
A
B
   C   SD  SDR  C   SD  SDR
TrDr1
TrDr2
18S
18S
Total Polysomal
Figure 1: Alignment of the deduced polypeptide sequence of Tortula ruralis TrDR1 (AI304977) and TrDR2 (AI305064) with orthologous
sequence (A), and RNA blot analysis of TrDr1 and TrDr2 using total and polysomal RNA from Tortula ruralis gametophytes (B). Sequences
are numbered from the presumed translation initiation methionine (M) and are aligned to give maximal matching. Plant references: Spinacia
oleracea (AAA34037), Solanum tuberosum (CAA28450), Arabidopsis thaliana, (AAL49840), and Craterostigma plantagineum (P23283). Total
RNA was extracted using the RNeasy Kit (Qiagen) and polysomal RNA was extracted as described by Wood et al. (1999). RNA (approxi-
mately 10μg) was separated by electrophoresis in a formaldehyde-agarose gel and transferred to nitrocellulose under standard conditions
(Zeng and Wood 2000). The resulting blot was hybridised with 32P-labeled cDNA probe for either TrDr1 or TrDr2 and blots were re-probed
with rRNA-DNA to demonstrate equal loading. C, control; SD, slow-dried; SDR, slow-dried and rehydrated
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